Multiple endocrine neoplasia type 2A (MEN 2A) is a dominantly inherited cancer syndrome, which involves the triad of MTC, pheochromocytoma, and hyperparathyridism. Missense mutations in one of six cysteine codons in the extracellular cysteine-rich domain of the RET proto-oncogene predispose to this disease. These mutations cause ligand-independent constitutive activation of the tyrosine kinase receptor by the formation of disul®de-bonded homodimers. We examined a dierent type of mutation, which results in an additional cysteine in the cysteine rich domain. A duplication of 9 bp in the ®rst case resulted in an insertion of three amino acids between codon 633 and 634. In the second case a 12 bp duplication in exon 11 results in four additional amino acids between codon 634 and 635. Here we demonstrate that an additional cysteine causes a ligand independent dimerization of the RET receptor in transfected NIH3T3 cells, which results in an activation of the intracellular tyrosine kinase. Oncogene (2000) 19, 3445 ± 3448.
The RET proto-oncogene codes for a receptor tyrosine kinase which plays a role in the development of the neural crest and its derivates. Besides this, RET is important for kidney development (Pachnis et al., 1993; Avantaggiato et al., 1994) . In adult humans RET is expressed in cells of the nervous system, in C-cells, the adrenal medulla and the parathyroids (Nakamura et al., 1994) . It has been shown that the glial cell line-derived neurotrophic factor (GDNF), neurturin (NTN) and persephin are functional ligands for the RET receptor (Durbec et al., 1996; Baloh et al., 1997; Milbrandt et al., 1998) . Activation of the tyrosine kinase is mediated by glycosylphosphatidylinositol-(GPI)-anchored cell surface RET-coreceptors GDNFR-a1 ± 3 (Treanor et al., 1996; Jing et al., 1996; Baloh et al., 1997) .
Mutations in the RET proto-oncogene are involved in several inherited and non inherited diseases. Inactivating mutations cause familial and sporadic Hirschsprung disease, a syndrome of congenital absence of enteric innervation (Romeo et al., 1994) . Activating mutations have been identi®ed as the underlying cause of multiple endocrine neoplasia Type 2 (MEN 2) and familial medullary thyroid carcinoma (FMTC) (Donis-Keller et al., 1993; Mulligan et al., 1993) . Mutations in one of six cysteine codons in exon 10 or exon 11 occur in most cases of MEN 2A and FMTC. These mutations convert RET into a dominant transforming oncogene (Santoro et al., 1995) . Substitutions of cysteine residues related to the extracellular cysteine-rich domain result in ligand independent dimerization of the receptor and constitutive activation by autophosphorylation of speci®c tyrosine-residues in the intracellular kinase domain (TK) (Santoro et al., 1995) . Probably the Cys residues, disrupted by the MEN 2A mutations, are normally involved in intramolecular disul®de bonds. The mutations may render the partner Cys available for aberrant disul®de binding with other mutant RET or wt-RET molecules and thus form activated dimers. The activated RET binds the adaptor proteins Shc, Grb2 and PLC-g (Borrello et al., 1994 (Borrello et al., , 1996 . Rare MEN 2A/FMTCassociated mutations involve the intracellular kinase domain. In particular the codons 790, 791 and 804 in the TK1 domain are aected (Berndt et al., 1998; Fattoruso et al., 1998) .
Recently we described a novel type of MEN 2A associated mutation which results in an additional Cys 634 in exon 11. In the germline of a patient with the complete phenotype of MEN 2A a duplication of 9 bp representing the codons 634, 635 and 636 was found . In the second case a 12 bpduplication which results in additional four amino acids between codon 634 and 635 was detected in a family with 14 aected members (HoÈ ppner et al., 1997) . While the 9 bp-duplication is in frame, the inserted 12 bp sequence is not in frame which results in an additional histidine residue at the 5' end of the breakpoint. The 12 bp duplication is associated with a dierent MEN 2A phenotype. Besides MTC an unusual accumulation of pHPT occurs, none of the 14 aected family members have pheochromocytomas (HoÈ ppner et al., 1997) .
To examine the mechanism of activation of the mutated RET, we cloned the RET-cDNA of the short isoform into the eucaryotic expression vector pRC/ CMV2 and inserted the mutations described above by fragmental cloning in the case of the 9 bp-duplication (+9 bp-RET) and by PCR-mutagenesis for the 12 bpduplication (+12 bp-RET). The mouse ®broblast cell line NIH3T3 was transfected and clones expressing wt-RET, +9 bp-RET and +12 bp-RET were selected. TT-cells, a human medullary thyroid carcinoma cell line which is heterozygous for one of the classical mutations in codon 634 (C634W) of the RET protooncogene was also cultured. After cell lysis we analysed the proteins by nonreducing and reducing SDSpolyacrylamid gel electrophoresis (Figure 1 ).
Ligand independent dimerization of the +9 bp-and +12 bp-RET
In agreement with previous reports (Santoro et al., 1995) 
Formation of RET-dimers by intermolecular disul®de linkages
As shown in previous studies (Santoro et al., 1995) , under reducing conditions the C634W-RET migrates as a monomer (Figure 1b Constitutive activation of the +9 bp-and +12 bp-RET tyrosine kinase in NIH3T3 cells
To investigate the ligand independent activation of the mutated receptors, RET was immunoprecipitated from the various NIH3T3 transfectants and assayed for phosphotyrosine (pTyr) content, a hallmark of receptor activation. In case of the TT cells we could con®rm previous results (Santoro et al., 1995) which show that the mutation C634W causes an autophosphorylation of the intracellular tyrosine kinase (Figure 2b, lane 1) . This also has been shown for RET receptors with Cys 634 substitution expressed in NIH3T3 cells. Our results demonstrate that the +9 bp-and +12 bp-RET proteins also are autophosphorylated ( Figure 2b , lane 2 and lane 3). In comparison with the TT-cells there is a similar amount of pTyr in the mutated receptors with the additional cysteine 634. These results show that this type of mutation causes a constitutive activation of the receptor tyrosine kinase after dimerization.
One could speculate that overexpression of the wt-RET is sucient to trigger the kinase activity. To determine whether overexpression or the additional cysteine 634 causes the constitutive activation, we compared cells with less expression of the +12 bp- RET and cells with a higher expression of wt-RET. The wt-RET displays autophosphorylation but in comparison with the +12 bp-RET the amount of pTyr is signi®cantly less (data not shown). This demonstrates that it is not the level of expression that causes ligand independent activation but the mutation itself.
Grb2-binding by the activated RET
It has been shown that activated RET receptors bind Grb2 and trigger intracellular signal pathways. To con®rm that receptor activation mediated by an additional Cys 634 leads to Grb2 binding we performed coprecipitation experiments of Grb2 and the RET protein. Our results show that the receptors with the duplications in exon 11 bind Grb2 (Figure 3b , lane 2 and lane 3) as is the case for the RET protein with the classical mutation in codon 634 (Figure 3b , lane 1). This is also the case for the +12 bp-RET clones with low expression (Figure 3b, lane 3) .
These data present evidence for receptor activation by a duplication of a sequence including the critical cysteine residue in codon 634. In vitro no dierences in the mechanism of activation occur between the 9 bpand the 12 bp-duplication. The phenotype of the +12 bp-transfectants diers from that of the +9 bptransfectants (data not shown). The latter show the complete transformed phenotype with cell clusters and spindle shape whereas the +12 bp-transfectants only express cell clusters but exhibit the same cell shape as wt-transfected cells. Interestingly the in vivo phenotype of the +12 bp-family diers from that of families with the classical mutations and the +9 bp-patient. The fact that no pheochromocytoma occurs but that pHPT does suggest that tissue speci®c mechanisms exist.
The dierent mutations investigated in this study alter signi®cantly the chemical properties of the cysteine-rich domain in close vicinity to the plasma membrane and lead to considerably dierent spacing of the cysteine codons. In contrast to the missense mutation in codon 634 the two duplication mutations leave the ®rst extracellular cysteine at the same distance from the cell surface as in the wt-RET (Figure 4) . Also the recently published deletion of six base pairs (Bongarzone et al., 1999) , which represents an activating mutation too, still leaves the cysteine 634 in place (Figure 4) . Thus the distance of the cysteine relative to the plasma membrane seems not to be essential.
It has not been shown whether Cys 634 and Cys 630 are involved in intrachain disul®de bonds in vivo. The fact that substitutions and insertions of Cys 634, just as deletions between Cys 634 and Cys 630, result in ligand independent dimerization suggest an essential function of this domain in transition from inactive monomers to activated dimers. The distance between Cys 634 and the next extracellular cysteine in codon 630 is two amino acids in the D6-RET, three amino acids in the +9 bp-RET and four amino acids in the +12 bp-RET and the wt-RET receptor respectively (Figure 4) . If intrachain disul®de bonds should form between these cysteines, the energy of the bonds may dier signi®cantly or may even become sterically impossible. In the case of cysteine duplication, there may be a competition between disul®de linkage of the new cysteine with cysteine 634 and 630. For the 12 bp duplication, the distance in both directions is the same and equals the wild type conditions. The only dierence is an Asp ± His exchange in the three amino acids between the cysteines. In this case disul®de linkages may be equally likely to both sides. Thus Figure 4 Schematic illustration of the amino acid sequence in the vicinity of the plasma membrane. The wt-sequence shows the original arrangement of Cys 630 and Cys 634. Four types of mutation are described which aect this domain. The classical mutation is a substitution of Cys 634. In this ®gure the mutation Cys 634Arg is shown, but other amino acid changes are described. Another type of mutation is a 6 bp-deletion (D6) which does not aect Cys 634 directly, but moves Cys 630 and Cys 634 closer to one another. The type of mutation described in this paper is a duplication of Cys 634 (+9 bp and +12 bp). In the case of the 9 bp-duplication, the sequence Thr-Arg-Cys is inserted (box), the 12 bp-duplication results in the additional sequence Cys-Leu-GluHis (box) either cysteine 630 or 634 may be available for interchain disul®de linkage.
For the 9 bp duplication the distance to cysteine 630 is four codons and to cysteine 634 is three codons. The disul®de linkage between cysteine 630 and the new cysteine would be the same as in the wild type and may be preferred, one cysteine remaining free and this may become involved in interchain disul®de linkage. For the D6 bp-RET the distance of the two cysteines may be too small to facilitate intrachain disul®de linkage (Bongarzone et al., 1999) .
It is not certain whether intrachain disul®de bonds occur between Cys 630 and Cys 634. Another possibility is that these residues form bridges with more distant cysteine residues. In this case it is possible that displacement occurs between the inserted cysteine and the original Cys 634. The dierent pattern of disul®de bonds would alter the stability of interchain disul®de bridges for the 12 bp-duplication.
In summary, the duplication of Cys 634, similar to the substitution in the classical MEN 2A associated mutations, results in an alteration of the number of cysteines which results in spontaneous receptor dimerization. In addition, the dierent spacing of cysteines may modulate the transformational capacity in various tissues resulting in a dierent clinical phenotype.
